Arthritis is a frequent and major complication of natural and experimental infection with Borrelia burgdorferi (1, 5, 30, 34) . Moreover, arthritis is induced following vaccination, with (14, 25) or without (28) challenge with B. burgdorferi. The immunologic events responsible for these B. burgdorferi-associated arthritides are poorly understood. We demonstrated that induction of chronic severe destructive arthritis following vaccination and challenge was dependent on B. burgdorferi-specific T lymphocytes (23) . Treatment of vaccinated animals with anti-CD4 antibody prevented the development of severe destructive arthritis when the animals were challenged with the Lyme spirochete (24) . Activated or primed CD4 ϩ T cells participated in the development of arthritis that included cartilage and bone erosion (24) .
Recently, we also showed that B. burgdorferi-vaccinated interferon gamma-deficient (IFN-␥ 0 ) mice challenged with B. burgdorferi developed a prominent chronic severe destructive osteoarthropathy (12) . These results along with those of Brown and Reiner (6) present compelling evidence that interferon gamma (IFN-␥) does not play a major role in the induction or propagation of arthritis in the infection (6) or vaccinationchallenge (12) model of B. burgdorferi-associated arthritis. This suggests that other cytokines, chemokines, or other immune regulators are responsible for the induction of arthritis.
Interleukin-17 (IL-17) is a recently discovered cytokine that is secreted by activated or primed CD4 ϩ T cells (1) . IL-17 induces the production of proinflammatory cytokines by stromal cells, synoviocytes, chondrocytes, and macrophages (11, 16, 31) . Neutralization of IL-17 causes substantial reduction of collagenase activity (9) , osteoclast formation (20) , and production of proinflammatory cytokines (1, 10, 19) . Therefore, it is likely that IL-17 is a major contributor to the pathogenesis of arthritis (1) . Its role, however, in the arthritides associated with B. burgdorferi has not been defined.
In the present report, we determined whether administration of anti-IL-17 antibody, anti-IL-17 receptor antibody, or recombinant IL-17 (rIL-17) to vaccinated IFN-␥ 0 mice challenged with B. burgdorferi altered the development and progression of severe destructive arthritis.
MATERIALS AND METHODS
Mice. IFN-␥ gene-deficient mice (parental strain C57BL/6) were obtained from W. P. Weidanz (University of Wisconsin) with permission from Genetech, Inc. (South San Francisco, Calif.). We showed that B. burgdorferi-vaccinated IFN-␥ 0 mice challenged with B. burgdorferi developed a prominent chronic severe destructive osteoarthropathy (12) . The parental strain also developed arthritis. We use IFN-␥ 0 mice to determine the role that other proinflammatory cytokines play in the generation of arthritis in the absence of IFN-␥.
The mice were bred at the animal facility located at the Wisconsin State Laboratory of Hygiene, Madison. Six-to 10-week-old inbred male and female IFN-␥ 0 mice weighing 20 to 30 g were housed at an ambient temperature of 21°C. Food and acidified water were provided ad libitum during a light and dark cycle of 12 h. Experimental protocols were reviewed and approved by the Animal Care and Use Committee for the University of Wisconsin Medical School, Madison.
Organisms and preparation. Low-passage (Ͻ10) B. burgdorferi isolates of strains 297 (from human spinal fluid) and C-1-11 (from Ixodes scapularis) were grown at 32°C in modified Barbour-Stoenner-Kelly (BSK) medium until they reached a concentration of approximately 10 7 spirochetes/ml. Samples (500 l) were then dispensed into 1.5-ml screw cap tubes (Sarstedt, Newton, N.C.) containing 500 l of BSK medium supplemented with 10% glycerol (Sigma Chemical Co., St. Louis, Mo.). The tubes were sealed and stored at Ϫ70°C. Six days prior to infection of the mice, a frozen suspension of spirochetes was thawed, added to 9 ml of fresh BSK medium, and incubated at 32°C. On the day of infection, the organisms were visualized by dark-field microscopy and enumerated by using a Petroff-Hausser counting chamber.
Vaccine preparation. B. burgdorferi 297 isolates were grown in 1 liter of BSK medium for 6 days, pelleted by centrifugation (10,000 ϫ g, 15°C, 10 min), and washed three times with phosphate-buffered saline (PBS; pH 7.4). The washed pellet was resuspended in 1% formalin, incubated at 32°C with periodic mixing for 30 min, washed three times by centrifugation with PBS (10,000 ϫ g, 10°C, 15 min), and resuspended in PBS. Subsequently, the formalin-inactivated spirochetes were mixed with a sufficient volume of 1% aluminum hydroxide (Reheis, Berkeley Heights, N.J.) to yield 4 ϫ 10 6 spirochetes/ml. Vaccination of mice. Mice were anesthetized with ether and injected subcutaneously in the inguinal regions with 0.25 ml of the formalin-inactivated wholecell vaccine preparation. Sham-vaccinated mice received either BSK medium or 1% aluminum hydroxide. Whole B. burgdorferi cells are not recommended for vaccination of humans. However, the ability of whole cells to consistently induce arthritis in mice allows for the evaluation of the immunological mechanisms responsible for the arthritis.
Infection of mice. Twenty-two days after vaccination with B. burgdorferi 297 in alum, mice were anesthetized with ether contained in a nose-and-mouth cup and they were injected subcutaneously in the right rear paws with 50 l of BSK medium containing 10 6 viable B. burgdorferi C-1-11 organisms. It was necessary to infect with B. burgdorferi C-1-11 because vaccination with B. burgdorferi 297 induces protective antibodies that prevent the homologous infection from eliciting arthritis (14, 25) . Other infectious isolates of B. burgdorferi, besides C-1-11, are also effective in eliciting arthritis (14) . Controls included vaccinated and nonvaccinated mice injected with BSK medium or B. burgdorferi C-1-11.
Administration 2) to yield concentrations of 50 and 12.5 g/ml, respectively. Twenty-two days after vaccination, three groups of four mice each were infected with 10 6 viable B. burgdorferi organisms in the right rear paws. Less than 1 h after infection with B. burgdorferi, the mice were injected in the right rear paws with 50 l of the antibodies or rIL-17. Anti-IL-17 antibody, anti-IL-17 receptor antibody, and rIL-17 were injected daily for 11 days. In other experiments, anti-IL-17 was administered for 6 days, followed by the administration of anti-IL-17 receptor for 6 days.
Assessment of arthritis. Hind paw swelling was used to determine the level of the inflammatory response in vaccinated mice challenged with B. burgdorferi. Prior to experimentation, the right rear paws of randomly selected and agematched mice were measured to determine the baseline of paw size. After infection, the mice were measured every other day for 20 days with a dial-type Vernifer caliper (Fisher Scientific, Pittsburgh, Pa.) graduated in 0.1-cm increments. Measurements were obtained by anesthetizing each mouse with ether and carefully measuring the width and thickness of each right hind paw. The daily mean value for each group was obtained by dividing the sum of the caliper values for all hind paws in the group by the number of hind paws measured in each group. This average value represented the severity of hind paw swelling.
Preparation of tissues for histologic examination. At 8 and 20 days after infection, mice were euthanized with ether and their hind paws were amputated at midfemur. The amputated paws were then bisected longitudinally and fixed in 10% neutral buffered zinc formalin for 24 h. Subsequently, the legs were placed in decalcifying solution (Lerner Laboratories, Pittsburgh, Pa.) for 24 h, followed by the addition of fresh decalcifying solution for an additional 48 h. Following decalcification, the legs were placed in tissue-embedding cassettes (Fisher Scientific), embedded in paraffin, and cut into 6-m-thick sections. The sections were placed on glass slides and stained with hematoxylin and eosin. Sections were cryptically coded, and unbiased histopathologic examination was performed by a board-certified pathologist (D. M. England).
Statistical analysis. The mean caliper values among groups were tested by analysis of variance (33) . The standard error for the experiment was then determined. The Fisher least significant difference test was used to examine pairs of means when a significant F ratio indicated significant mean differences. The alpha level was set at 0.05 before the experiments were started. Fig.  2A) . The inflammation extended to the tissues surrounding the long bones of the legs. Furthermore, the joints of the ankles exhibited destruction of the articular cartilage, synovial hyperplasia, and pannus formation (Fig. 2A) . The small bones of the paws also showed inflammation and periosteal erosion. However, no evidence of histopathologic changes was detected in the knee joints of these animals 8 days after infection. Twenty days after infection of vaccinated mice with B. burgdorferi, prominent destructive inflammation was observed in the ankle joints (Fig. 2B) , the small bones of the feet, and the tissues along the long bones. The knee joints (Fig. 2C ) of these animals on day 20 postinfection also exhibited extensive inflammation as well as significant synovial hyperplasia.
RESULTS

Effects of anti-IL
By contrast, vaccinated mice challenged with B. burgdorferi and treated with anti-IL-17 antibody developed only minimal inflammatory changes. Although these animals showed mild edematous changes in the paws and periarticular soft tissues, they were free of inflammatory changes in the joints and bones (Fig. 2D) . Moreover, the ankle (Fig. 2E) and knee (Fig. 2F ) joints remained free of inflammation, even 20 days after infection. When nonvaccinated mice were challenged with B. burgdorferi, only mild localized inflammation was present in the muscles and subsynovial tissues. Furthermore, no significant changes were detected in vaccinated mice treated with anti-IL-17. In addition, vaccinated mice and nonvaccinated, nonchallenged mice were free of pathology.
Effects of anti-IL-17 receptor antibody and rIL-17 on arthritis. Three groups of four vaccinated mice each were challenged with 10 6 B. burgdorferi organisms. Two of the three groups challenged with B. burgdorferi were treated with either anti-IL-17 receptor antibody or rIL-17. Treatment began on the day of challenge and continued for the following 11 days. The remaining group did not receive any treatment. Controls included groups of five vaccinated mice each injected with anti-IL-17 receptor antibody or with rIL-17 but not challenged.
Hind paw swelling was detected in vaccinated mice challenged with B. burgdorferi on day 4 of infection. It peaked on day 8 and gradually decreased thereafter. A similar response was obtained in vaccinated, challenged mice treated with rIL-17. However, treatment of vaccinated and challenged mice with anti-IL-17 receptor delayed the onset of swelling in the hind paws and significantly (P Ͻ 0.05) decreased its severity at all intervals except day 4 after infection. No swelling of the hind paws was detected in vaccinated, but not challenged, mice treated with anti-IL-17 receptor antibody or rIL-17. These studies were repeated three times with four mice per group with similar results.
In other experiments, four vaccinated, challenged mice were treated with anti-IL-17 antibody for 6 days, followed by treatment with anti-IL-17 receptor antibody. The sequential dual treatment did not enhance the protective effect obtained when four vaccinated and challenged mice were treated with anti-IL-17 receptor antibody or anti-IL-17 antibody alone.
Histopathology of anti-IL-17 receptor antibody-and rIL-17-treated vaccinated and challenged mice. Vaccinated and challenged mice showed severe inflammation of the hind paws. The response included destruction of articular cartilage, synovial hyperplasia, and pannus formation within the ankle joints. In addition, periosteal erosion of the small bones occurred. A similar histopathologic response was detected in vaccinated and challenged mice treated with rIL-17. However, treatment of vaccinated and challenged mice with anti-IL-17 receptor ameliorated the destructive arthritis.
DISCUSSION
We have shown that severe destructive arthritis can be consistently elicited when vaccinated IFN-␥ 0 mice are challenged with an infectious isolate of B. burgdorferi. These results confirm and extend the findings of Christopherson et al. (12) . Because these mice lack the gene that encodes IFN-␥ and its receptor, the role of IFN-␥ in the development of B. burgdorferi vaccination-and challenge-associated arthritis is less controversial than the role of IFN-␥ in the induction of arthritis in other Lyme animal models (3, 22) . In support of our findings (12), Brown and Reiner (6) also showed that IFN-␥ is not required for increased susceptibility of mice to arthritis following infection with B. burgdorferi. Therefore, other cytokines, chemokines, and degradative enzymes are involved in the induction and maintenance of severe destructive arthritis. We focused on IL-17. Considerable evidence has accumulated that IL-17 plays a central role in the induction of arthritis. IL-17 is found at high levels in the synovial fluid of patients with rheumatoid arthritis (10, 36) . IL-17 is also secreted by CD4-activated memory T cells (1), which can adoptively transfer susceptibility to Lyme arthritis (23) . Moreover, IL-17 shows synergy with other cytokines (1, 19, 21) for induction of bone resorption (20, 26) and stimulation of osteoclast differentiation (20) . These properties of IL-17 make it a primary promoter of cartilage and bone damage in the development of arthritis.
We showed that treatment with anti-IL-17 antibody of vaccinated IFN-␥ 0 mice challenged with B. burgdorferi delayed the onset of swelling of the hind paws, but more importantly, it consistently inhibited the development of arthritis. Histopathologic examination confirmed that treatment with anti-IL-17 What is the mechanism by which IL-17 induces arthritis? IL-17 may drive the arthritis by stimulating the production of IL-1 and tumor necrosis factor alpha (TNF-␣) (1, 19, 21) , key mediators in the pathogenesis of other experimental models of arthritis (7, 27, 29) . We showed, however, that blockage of TNF-␣ by treatment with anti-TNF-␣ antibody augmented the severity of the destructive arthritis in vaccinated IFN-␥ 0 mice challenged with B. burgdorferi (12) . This suggests that other immune regulators may be responsible for the severe destructive arthritis in B. burgdorferi-vaccinated and -challenged IFN-␥ 0 mice. Several reports have shown that IL-1 plays a critical role in synovial inflammation and joint destruction (15, 18, 32) . However, blocking IL-1 with neutralizing antibodies had no effect on IL-17-induced inflammation and joint damage (26) . IL-17 may contribute to synovial inflammation and joint destruction independently of IL-1 (26) . Therefore, IL-17 may be a novel upstream target for treatment of severe destructive arthritis.
We found the results obtained with rIL-17 surprising. We expected rIL-17 to enhance the severity of the destructive arthritis detected in vaccinated IFN-␥ 0 mice challenged with B. burgdorferi. Infante-Duarte et al. (17) also suggested that chronic expression of IL-17 induced by lipoproteins of B. burgdorferi could be an important mediator of infection-induced immunopathology. Local overexpression of IL-17 can also promote destructive arthritis (8) and enhance pathology observed with psoriasis, rheumatoid arthritis, and other connective tissue diseases (2, 26) . By contrast, we found the courses of hind paw swelling and destructive arthritis in vaccinated IFN-␥ 0 mice challenged with B. burgdorferi to be similar for mice treated with rIL-17 and those without treatment. An explanation is that excess IL-17 does not promote destructive arthritis unless the spirochete burden is elevated to interact with activated memory T cells. It is known that the number of B. burgdorferi organisms rapidly decreases after infection of the host (13) . The decrease in the number of spirochetes also correlates with the resolution of severe destructive arthritis (35) . Only high infectious challenges can again induce the destructive response (25, 30) .
This study demonstrates that IL-17 contributes to joint and bone destruction along with inflammation of subsynovial, subchondrial, and connective tissues. This may be due to a compensatory mechanism that is dominant in IFN-␥ 0 mice. Whether IL-17 is involved in induction and pathogenesis of the other arthritides associated with B. burgdorferi infection (4, 5) and vaccination (28) needs to be determined. It seems likely that the B. burgdorferi-associated arthritides, regardless of method of induction or elicitation (7, 27, 29) , share some pathways of pathogenesis. Since IL-17 is an upstream promoter of proinflammatory cytokines, chemokines, and other immune regulators, therapeutic intervention may be a realistic approach to prevent the Lyme arthritides. We are presently evaluating the role of IL-17 in models of infection-induced and -reactivated arthritis.
In conclusion, we showed that treatment with anti-IL-17 antibody or anti-IL-17 receptor antibody can prevent the development of severe destructive arthritis. Additional studies are needed to define whether anti-IL-17 therapy can cure not only severe destructive arthritis but also intermittent and chronic arthritis associated with natural infection of humans with B. burgdorferi.
